Microarrays have great potential for the study of developmental biology. As a model system Xenopus is well suited for making the most of this potential. However, Xenopus laevis has undergone a genome wide duplication meaning that most genes are represented by two paralogues. This causes a number of problems. Most importantly the presence of duplicated genes mean that a X. laevis microarray will have less or even half the coverage of a similar sized microarray from the closely related but diploid frog Xenopus tropicalis. However, to date, X. laevis is the most commonly used amphibian system for experimental embryology. Therefore, we have tested if a microarray based on sequences from X. tropicalis will work across species using RNA from X. laevis. We produced a pilot oligonucleotide microarray based on sequences from X. tropicalis. The microarray was used to identify genes whose expression levels changed during early X. tropicalis development. The same assay was then carried out using RNA from X. laevis. The cross species experiments gave similar results to those using X. tropicalis RNA. This was true at the whole microarray level and for individual genes, with most genes giving similar results using RNA from X. laevis and X. tropicalis. Furthermore, the overlap in genes identified between a X. laevis and a X. tropicalis set of experiments was only 12% less than the overlap between two sets of X. tropicalis experiments. Therefore researchers can work with X. laevis and still make use of the advantages offered by X. tropicalis microarrays.
Introduction
A crucial process in generating cell fate diversity is the differential expression of genes between cells. Therefore an important part of understanding development is to identify the gene expression differences between different cells and to find target genes of key developmental regulators. Microarrays offer great potential for both these tasks as they allow the expression of thousands of genes to be studied simultaneously. The results from different experiments can then be compared to identify differences between tissues or the effects of manipulating molecules of interest.
As a model system, Xenopus has many advantages which make it well suited for microarray analysis. Embryos can be obtained in large numbers, develop externally, have good fate maps and are well suited to microsurgery (Peng and Kay, 1991) . This makes it easy to isolate the tissue required for making probes. There are also well established systems for testing molecules of interest such as RNA overexpression, gene knockdown using morpholinos and explant assays (Heasman, 2002; Peng and Kay, 1991) . The analysis of these experiments could be greatly improved by using microarrays. The potential of using Xenopus embryos for microarray analysis has started to be realised by two pioneering groups (Altmann et al., 2001; Munoz-Sanjuan et al., 2002; Tran et al., 2002) who produced cDNA based Xenopus laevis (X. laevis) microarrays. These cDNA based microarrays have been used by two studies in this issue, to carry out a large scale expression analysis of embryonic stages and adult organs (Baldessari et al., 2005) and to identify targets of the transcription factor VegT (Taverner, 2005 ). An Affymetrix X. laevis gene chip has also recently been launched (Affymetrix; Xenbase).
As well as many advantages, X. laevis also has a number of disadvantages caused by the fact it has undergone a genome wide duplication. This duplication means that it has two related paralogues of most genes. To get over the problems associated with gene duplication, Xenopus tropicalis (X. tropicalis), the closely related but diploid relative of X. laevis, has started to be used (Amaya et al., 1998; Hirsch et al., 2002) . X. tropicalis offers many of the traditional advantages of X. laevis combined with a number of others. The fact that X. tropicalis is diploid and has a shorter generation time makes genetic studies possible for the first time. Morpholino knockdown is also more straightforward as there are not two paralogues which have to be knocked down. Again these approaches could be combined with microarray analysis.
X. tropicalis offers significant advantages for the generation and analysis of microarrays, the most important being the percentage of transcripts covered by a microarray. The genome wide duplication means that X. laevis has roughly twice the number of genes as X. tropicalis. This difference in biology means that the percentage of the total number of transcripts covered by a 10,000 oligonucleotide X. laevis microarray, for example, will be as much as half that of a 10,000 oligonucleotide X. tropicalis microarray. This assumes that both related paralogues are spotted separately on the X. laevis microarray. This is likely to be the case because the duplicated paralogues in X. laevis are very difficult to distinguish from other highly related genes, particularly in the absence of genomic sequence information. There are also other advantages of making microarrays from the diploid X. tropicalis. The analysis of a X. laevis microarray will be slower as one would have to decide whether one or both of two closely related genes should be followed up. The duplicated paralogues on a X. laevis microarray also make it more difficult to compare the results with other diploid species. In addition the design of X. tropicalis microarrays will also benefit from information that will be derived from sequencing the X. tropicalis genome (J.G.I. Institute). The genome sequence can also be used in the identification of gene regulatory sequences, which may follow from a microarray experiment. Thus, X. tropicalis microarrays are likely to retain their advantages for some time.
Nevertheless, X. laevis is currently the dominant amphibian model system for most applications because the eggs are larger and hardier and the husbandry better established. More recently, several labs have also started using a combination of X. laevis and X. tropicalis for their research. Therefore, for the majority of researchers, who are working with X. laevis or X. laevis and X. tropicalis, it is important to know if they can use X. laevis RNA across species on X. tropicalis microarrays. This would enable them to make use of the embryological advantages offered by X. laevis combined with the advantages offered by a X. tropicalis microarray, essentially making use of the best of both worlds.
In this study we ask if X. laevis RNA works across species on a X. tropicalis oligonucleotide based microarray. We produced a pilot oligonucleotide microarray based on X. tropicalis sequence and used it to identify genes whose expression changed during early X. tropicalis development. We then carried out the same experiments across species using RNA from X. laevis. The results across species were then compared with the experiments from the same species. At the whole microarray level the X. laevis experiments were very similar to the X. tropicalis experiments. Analysis of the results from individual genes showed that most, but not all, genes gave similar results using RNA from X. laevis. Finally, the overlap in the genes selected by two sets of four X. tropicalis experiments was compared with the overlap between four X. laevis and four X. tropicalis experiments. This showed that the overlap in genes identified by X. laevis and X. tropicalis experiments was only 12% less than the overlap between different sets of X. tropicalis experiments. Therefore, a X. tropicalis oligonucleotide microarray gave similar results using RNA from X. laevis and X. tropicalis and so would represent a useful tool for studies using X. laevis as well as X. tropicalis.
Results

Identification of genes whose expression changes during early Xenopus tropicalis development
In order to test the potential of X. tropicalis oligonucleotide based microarrays for cross species hybridisation we selected a set of 96 sequences from X. tropicalis. This set contained a number of characterised genes, including markers of neural, mesodermal and endodermal tissue, genes with high and low levels of expression and broadly expressed genes as well as genes with very restricted expression patterns. The set also contained 13 uncharacterised genes. Importantly, the genes were selected without any reference to their sequence in X. laevis. This was done to ensure that the level of similarity seen in the 96 genes is representative of the overall level of sequence similarity between the two species and not biased to closely related or divergent genes. Oligonucleotides were designed to these sequences, synthesised and used to produce an oligonucleotide microarray (see Section 4). A list of the 96 genes and the oligonucleotide sequences is supplied (Table S1) .
The microarray was then used to identify genes that are up or down regulated during early development. This was achieved by comparing the gene expression at st 3 (4 cell) with that at st19 (neurula). This experiment was repeated 8 times. Each experiment used material from a different spawning and so represents a biological rather than a technical replicate (repeated hybridisation of the same sample). Hierarchical clustering was used to group the genes into clusters with similar expression (Fig. 1A) . Three broad clusters were identified. One cluster had higher expression at stage 3 (st. 3), another showed higher expression at stage 19 (st 19) and the third showed no difference between the st 3 and st1 9 tissues (Fig. 1A) .
The average difference between the two stages (mean of the log2 ratio) for the eight arrays was then calculated for each gene (Fig. 1B ) and they were ordered from those with much higher expression at st 3 ( Fig. 1B ; left) to those with much greater expression at st 19 ( Fig. 1B; right) . Choosing greater or equal to two fold as a cut off 54 genes were identified, 17 as having higher expression at st 3 and 37 with higher expression at st 19 (Table 1 ). An example of a gene expressed at higher levels at st 3 is VegT and one with higher expression at st 19 is XtCad3, consistent with the published expression of these genes in X. tropicalis (D'Souza et al., 2003; Reece-Hoyes et al., 2002 ). An example of a gene whose expression does not change between these stages is Ornithine Decarboxylase (ODC), as would be expected of a housekeeping gene (Fig. 1B) . All the genes identified by the 2 fold cut off were also found to be significantly different (using the Significance Analysis of Fig. 1 . A pilot microarray identifies genes whose expression changes during early X. tropicalis development. The microarrays were probed with labelled (Cy3 or Cy5) cDNA from st3 (4 cell) and stage 19 (neurula) X. tropicalis embryos. The hybridisations were carried out 4 times with one combination of dyes and 4 times with the dyes swapped, giving eight hybridisations in total. Each hybridisation is a biological replicate. The arrays were then scanned and the log2 ratio of fluorescence calculated for each oligonucleotide. (A) Cluster analysis of eight hybridisations using X. tropicalis material. Each column represents the result from 1 hybridisation, each bar the results from one gene. The greater the intensity of colour the greater the difference in ratio of the two wavelengths. Genes that appear black are not expressed or are evenly expressed in the two stages. Clusters of genes with higher expression at st3, st19 or equal expression can be identified. (B) The mean of the log2 ratio of the two wavelengths is plotted for each gene. The genes show a gradual transition from highly expressed at stage 3 to highly expressed in stage 19. The position of 3 well known Xenopus genes is marked.
Microarrays (SAM) package. In summary the microarray analysis identified 54 out of 96 genes which were at least 2 fold and statistically different between the two samples.
2.2. The oligonucleotide microarray works well using RNA from X. laevis
The same comparison was then carried out four times using RNA from X. laevis to see if the microarray worked 'across species'. Again each repeat was a biological replicate. The results from the four X. laevis and eight X. tropicalis experiments were clustered ( Fig. 2A) . In order to compare the X. laevis hybridisations to the X. tropicalis hybridisations the microarrays were then clustered according to similarity (Fig. 2B , X. laevis hybridisations in red letters). This is the same approach used to cluster the genes into related expression groups. Overall, at a whole microarray level, the results for X. laevis and X. tropicalis are very similar. In fact, in some cases the X. laevis experiments were more similar to X. tropicalis ones than to Table 1 Results from the microarray analysis using X. tropicalis RNA each other. For example, Xl3 and Xl4 are more similar to Xt2-8 that to Xl1 and Xl2 (Fig. 2B) .
In order to check how the results from individual genes compared between the two species, first, we separated the 8 X. tropicalis hybridisations into two groups of 4, Xt1-4 and Xt5-8. The average difference (mean log2 ratio) of the four X. laevis experiments (Xl1-4) and four X. tropicalis experiments (Xt1-4) was plotted for each gene (Fig. 3B) . As a comparison the mean of the first four X. tropicalis experiments was plotted against the mean of the second four (Xt5-8) (Fig. 3A) . In most cases the genes showed similar results. However there are a number of genes that gave different results in the X. laevis hybridisations. These included genes showing a bigger fold difference in X. tropicalis and also genes showing a bigger fold difference in X. laevis. A t-test of the data shows there were 6 genes which were significantly different between the two species (2 at **P!0.05, 4 at *P!0.1). Comparison of the two sets of X. tropicalis experiments shows that there were 3 genes that were significantly different. Therefore, there were 3 more genes that were significantly different when using X. laevis RNA.
One possible cause of these differences is sequence divergence between X. tropicalis and X. laevis. The number of mismatches between the 70 bp oligonucleotide sequence and the equivalent 70 bp sequence in the X. laevis orthologue was calculated for 86 of the 96 genes (Fig. 4) . The number of mismatches ranged from 1 to 31, with an average of 8 mismatches in the 70 mer oligonucleotide. Therefore the average similarity between the oligonucleotide and labelled cDNA in the cross species experiments was 89%. Of the 6 genes that showed significantly different results between species the X. laevis homologue could be found for 4 of them. Two of these had higher than average numbers of mismatches (12 and 13) and two had lower than average (2 and 5). This suggests that sequence variation is only one factor in the differences seen in between species hybridisations.
Another way of comparing the results from the two species is to ask whether the same genes would be identified using X. tropicalis and X. laevis RNA. To answer this question we used the 2 fold mean difference in expression cut off, to identify genes that were differently expressed between the two stages. This was carried out for the first four X. tropicalis experiments (Xt1-4), the second four X. tropicalis experiments (Xt5-8) and the four X. laevis experiments (Xl1-4). We then calculated the overlap between the sets. That is how many of the genes identified by one set of experiments (e.g. Xt1-4) were also identified in another (e.g. Xt5-8) (Fig. 5) .
Comparison of the experiments from the same species (Xt1-4 vs Xt5-8) showed an 84.7% overlap in the genes identified as differentially expressed. The overlap across species (average of Xl1-4 vs Xt1-4 and Xl1-4 vs Xt5-8) was 72.5%. Therefore the cross species experiments identified the majority of the genes identified by the X. tropicalis experiments. However, when compared with the experiments in X. tropicalis the cross Fig. 2 . The X. tropicalis oligonucleotide microarray also works using RNA from X. laevis. (A) Four X. laevis hybridisations are shown with eight X. tropicalis hybridisations for comparison. As with the X. tropicalis experiments each of the four X. laevis hybridisation is a biological replicate and dye swops were carried out giving 2 hybridisations with each combination of dyes. (B) Cluster analysis of the hybridisations from both species shows that the X. laevis hybridisations (marked in red) are often more similar to a X. tropicalis hybridisation than to another X. laevis hybridisation. For example X. laevis hybridisations 3 and 4 (Xl3-4) are most closely related to each other but are more similar to the X. tropicalis hybridisations (Xt 2-8) than the other two X. laevis hybridisations (Xl1 and 2). species experiments had a 12% lower overlap in the number of genes identified. This reduction in overlap represents the extra difference in results caused by using X. laevis RNA. Importantly, no genes gave the opposite result in the two species in that no genes were found to be 2 fold upregulated in one species but down regulated in the other. Rather, the nonoverlapping genes were classed as equally expressed. In summary the majority, but not all, of the genes identified using X. laevis RNA overlapped with the genes identified using X. tropicalis RNA on a X. tropicalis microarray. 
Discussion
X. laevis to X. tropicalis cross species microarray hybridisations
The data presented here show that the majority of genes gave similar results using RNA from X. laevis and X. tropicalis. They also show a large overlap in the genes identified as up or down regulated using X. tropicalis RNA and those identified using X. laevis RNA. This means that an oligonucleotide microarray based on X. tropicalis is likely to be a useful tool for researchers working with both X. laevis and X. tropicalis.
A number of studies have successfully identified differentially expressed genes using cross species microarray hybridisation between related mammals (Cros et al., 1999; Huang et al., 2000; Medhora et al., 2002) and Arabidopsis species (Becher et al., 2004; Weber et al., 2004) . These provide further support to the idea that using X. laevis material on a X. tropicalis microarray is likely to provide useful results. However these studies did not compare the cross species result with the result they would have got using the same species. We showed here that the outcome of using X. laevis RNA on a X. tropicalis microarray was a 12% lower overlap in the genes identified compared with the overlap between two X. tropicalis experiments. Our work allows Xenopus researchers to decide if the reduction in overlap is important to their particular experiment. To our knowledge only one other study has compared cross species hybridisations with hybridisations using the same species (Moody et al., 2002) . Moody et al. used pig and human skeletal muscle samples on a human nylon cDNA array and also found a high correlation between the results. However they did not carry out the overlap analysis so it is not known if they would have seen reduction in overlap in the cross species hybridisations similar to the one we are reporting here. In our study the average sequence similarity was 90% over the oligonucleotide region. This suggests that other cross species experiments where the sequence similarity is 90% or greater are likely to be successful.
Sources of variation
There are likely to be several causes of the variation seen in the cross species experiment. One source is the variation inherent in carrying out microarray hybridisations. This is shown by the differences seen between the two sets of 'identical' X. tropicalis experiments. However the cross species hybridisations showed a slightly bigger difference in results compared with the two sets of 4 X. tropicalis experiments. The analysis of sequence similarity between the two species suggests that differences in sequence accounts for at least part of the increased variation. A third possible source of variation would be quantitative differences in gene expression between species. Although all the genes studied so far have shown very similar expression patterns in X. laevis and X. tropicalis The overlap between the differentially expressed genes identified using X. tropicalis RNA and those identified using X. laevis RNA. Differentially expressed genes were selected from each set of experiments (Xt1-4, Xt5-8 and Xl1-4) by having at least a 2 fold mean difference in expression between the two stages. The overlap in genes that were selected as differentially expressed in both Xt1-4 and Xt5-8 was calculated. This represents the overlap between the two sets of experiments. The overlap across species, between Xl1-4 and Xt1-4, was then calculated. (B) The percent overlap between the differentially expressed genes identified using X. tropicalis RNA (xt1-4 vs xt5-8) and those identified using X. laevis RNA (average Xl1-4 vs Xt1-4 and Xl1-4 vs Xt5-8). The majority of genes were identified using X. laevis or X. tropicalis RNA but using X. laevis material added an extra 12% difference compared with 2 sets of X. tropicalis experiments. et al., 2002) , it is not clear to what degree there are differences in relative expression levels between the two species.
A new tool for Xenopus research
Based on these results we are producing a full scale set of oligonucleotides, designed and synthesised based on 11,000 unique sequences from X. tropicalis. This set of oligonucleotides is now available commercially (operon). This study suggests that microarrays made using these oligonucleotides will represent a powerful new tool for researchers using X. laevis as well as X. tropicalis.
Experimental procedures
Microarray production
Xenopus tropicalis sequences were chosen that contained a mixture of previously characterised and uncharacterised genes, using NCBI, EST and genomic databases. The oligos were designed to fall within the last Kb of the transcript because the cDNA labelling is biased to the 3 0 end of the RNA. The last Kb contains 3 0 UTR and in some cases, some 3 0 coding sequence. Oligonucleotides were then designed and synthesised by Qiagen using their standard criteria (Oligo lengthZ70, TmZ78G5, PolyN tract length !Z8, Hairpin stem length !Z8, Location: Oligo is located O70 and !1000 bases from 3 0 end of sequence, !Z70% cross hybridization identity, !Z20 contiguous bases to another sequence). The sequences and oligonucleotides designed to them are in Table S1 . 600 pM of each oligonucleotides was resuspended in 20 ml of H 2 0 to give a 30 mM solution. 10 ml of this was then used to print the microarray on Codelink activated slides (Amersham Biosciences) as per instructions, using a Genetix Q arrayer. The slides were then stored in a desicator until used.
RNA isolation, labelling and microarray hybridisation
Each hybridisation used material from a different spawning and so represents a biological replicate. Total RNA was isolated from the embryos using Trizol. cDNA labelled with Cy3 or Cy5 was then synthesised using 40 mg of total RNA and the RNA digested as described (Tran et al., 2002) . Na acetate (16.5 ml of 3 M, pH 5.4) was then added, the probes combined and cleaned up using QiaQuick PCR clean up kit (Qiagen) and concentrated to 11 ul using microcon YM-30 (Millipore). To this 15.7 ml of 3.5! hybridisation buffer (17.5!SSC and 17.5 mM K phosphate monobasic), 27.5 ml deionised formamide (Ambion) and 1.25 ml 20% SDS was added (final hybridisation buffer, 50% formamide, 5!SSC, 0.5% SDS, 5 mM K phosphate). The microarrays were blocked in prehybridisation solution (5!SSC, 0.2% SDS, 1% BSA) at 42 8C for 45 min, washed 5! in water, dipped in 2-propanol and dried in a centrifuge. The labelled probe was then denatured at 95 8C for 2 min, centrifuged at 13,000 rpm for 1 min and added to the microarray which was covered in a lifterslip (Eire Scientific). The microarray was placed in a hybridisation chamber (corning) and the hybridisation chamber placed in a humidified box and hybridised overnight at 42 8C. Initial hybridisations were carried out without formamide at 65 8C but gave more problems with the arrays drying out. The microarray was then washed in 2!SSCC0.1% SDS for 5 min, 0.1! SSCC0.1% SDS 10 min and 0.1!SSC 6!1 min (all with gentle agitation). Hybridisation buffer, hybridisation temperature and washes were the same for both species. The microarray was then dried in a centrifuge and scanned using an Axon 4000B scanner and GenePix Pro software (Axon). As each oligonucleotide corresponds to a single gene we refer to the gene rather than the oligonucleotide in the results and discussion.
Data analysis
The microarray results were imported into Acuity analysis software (Axon) and normalised using lowess normalisation. Data files were then created for data points which satisfied the following filter (('Sum of Medians' OZ400) AND ('Flags' OZ0) AND (('%OB532C1SD' OZ55) OR ('%OB635C1SD'OZ55)). This filter eliminates data points which were flagged as bad by Genepix or that had sum of medium less than 400 (very weak) or ones which had less than 55% of there pixels above background (not likely to be real spots). For the X. tropicalis analysis oligonucleotides which passed these criteria for at least 6 out of the eight microarrays were used for further analysis. For the comparison of X. tropicalis 1-4 (Xt1-4) to X. laevis 1-4 (Xl1-4) and X. tropicalis 5-8 (Xt5-8) oligonucleotides which matched these criteria for at least 3 arrays in each set were selected. Therefore the comparisons between species and between groups of X. tropicalis hybridisations were based on at least 3 data points for each oligonucleotide. The data sets were then clustered (oligonucleotides or oligonucleotides and microarrays) using Acuity (Pearson, uncentred, average). The identification of oligonucleotides that showed significant difference between data sets (e.g. X. tropicalis 1-4 to X. laevis) was also done in Acuity using students t test. Calculations of the mean of the log2 ratio of wavelengths for the oligonucleotides, overlap between sets and drawing of graphs was carried out in Excel.
Selecting genes by fold difference has been criticised (Cui and Churchill, 2003; Slonim, 2002) as it does not give a measure of how significant a difference in expression is. Therefore the Significance Analysis of Microarrays (SAM) package, an add in program for Excel (available from http:// www-stat.stanford.edu/~tibs/SAM/) was used to check that the genes with two fold difference were also significantly different. The X. tropicalis genes showing two fold up regulation all had a q value of less than 1 (O99% likely to be correctly called as significantly different).
To determine the number of mismatches between the X. tropicalis oligonucleotides and the X. laevis sequence the oligonucleotide sequences were blasted against both the X. laevis ESTs and X. laevis sequences on NCBI. The top hit was checked to see that it did corresponded to the same gene in X. tropicalis. The number of mismatches was then calculated using Excel. In some cases the significant alignment length was less than 70. These regions will not have significant similarity to the X. laevis sequence. However there could be a random number of matching nucleotides (would be 1 in 4) in these regions. However if only 1 in 4 nucleotides matches in these regions they are unlikely to hybridise. Therefore these regions were considered to be mismatches.
